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Abstract A periplasmic protein able to transfer electrons from
cytoplasmic membrane to the periplasmic nitrite reductase
(cytochrome cd1) has been purified from the anoxically grown
cytochrome c550 mutant strain Pd2121 and shown to be
pseudoazurin by several independent criteria (molecular mass,
copper content, visible spectrum, N-terminal amino acid
sequence). Under our assay conditions, the half-saturation of
electron transport occurred at about 10 WM pseudoazurin; the
reaction was retarded by increasing ionic strength.
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1. Introduction
The denitri¢cation pathway of Paracoccus denitri¢cans in-
volves, in addition to the membrane-bound nitrate and nitric
oxide reductases, two water-soluble enzymes that are located
within the periplasmic space of the cell : nitrite reductase and
nitrous oxide reductase [1]. The molecular basis for electron
transport between the membrane and these periplasmic en-
zymes has not yet been completely resolved. Although a peri-
plasmic c-type cytochrome designated cytochrome c550 is
known to shuttle electrons in cell-free systems [2], phenotype
characteristics of a cytochrome c550-de¢cient mutant strain [3]
disprove an obligatory role for this protein in denitri¢cation
and prompt speculations over a possible substitute. The par-
ticipation of another c-type cytochrome has been suggested
[4], based on the results of reconstitution experiments using
subcellular fractions and on correlations between the cellular
levels of proteins and enzyme activities. However, two other
pieces of evidence favor electron transport via a copper pro-
tein: (i) a diminished activity of nitrite reduction in the cyto-
chrome c550 mutant cells grown under copper de¢ciency [5]
and (ii) an inhibition by the copper chelator diethyldithiocar-
bamate (DDC), which is more pronounced in the mutant than
in the wild-type cells [6].
In view of the persisting uncertainty, the present work aims
at resolving the nature of the periplasmic electron carrier.
2. Materials and methods
2.1. Growth of cells
The cytochrome c550 insertion mutant strain Pd2121 was grown at
30‡C in a synthetic medium containing 50 mM sodium succinate and
10 mM KNO3 [7], supplemented with 50 Wg/ml kanamycin. Precul-
tures of 30 ml were used to inoculate 3 l £asks ¢lled with the medium
and the cultures were incubated statically for 22 h. Cells were har-
vested by centrifugation at 5500Ug for 30 min and washed once in 0.1
M sodium phosphate bu¡er (pH 7.3).
2.2. Puri¢cation procedure
Step 1. Preparation of a periplasmic fraction. Periplasm was re-
leased from the freshly harvested cells (13U3 l of culture in total)
by treatment with lysozyme followed by a mild osmotic shock as
described [8], concentrated with Minitan ¢lter plates (Millipore) to
approximately 250 ml and clari¢ed by centrifugation at 40 000Ug
for 40 min.
Step 2. First ion-exchange chromatography. The concentrated so-
lution of periplasmic proteins was loaded onto a Sepharose Q (Phar-
macia) column (16U300 mm) pre-equilibrated with 20 mM Tris-HCl
bu¡er (pH 7.3) and eluted with a 600 ml linear gradient (0^1 M NaCl,
pH 7.3) at a £ow rate of 1.5 ml/min. Fractions of 5 ml were collected;
those containing a reconstitutive activity were pooled and concen-
trated by ultra¢ltration to a volume of 10 ml.
Step 3. Gel permeation chromatography. The sample was applied in
two separate batches to a Superose 12 (Pharmacia) column (30U600
mm) equilibrated with 150 mM NaCl in 50 mM sodium phosphate
(pH 7.3) and eluted with the same bu¡er, at a £ow rate of 0.5 ml/min
and a fraction volume of 5 ml.
Step 4. Second ion-exchange chromatography. After desalting with
a Sephadex G25 column (5 ml), ¢nal puri¢cation of the pooled re-
constitutively active fractions was achieved on a MonoQ Superose
(Pharmacia) column (1 ml) equilibrated with 20 mM Na-HEPES
(pH 7.2). After loading, elution was done with a 20 ml linear gradient
(0^300 mM NaCl, pH 7.2) at 0.5 ml/min; individual peaks were col-
lected.
2.3. Enzyme assays
Reconstitution of the succinate-nitrite reductase activity was carried
out by adding samples (100 Wl) to the reaction mixture (40 Wl) con-
taining Tris-HCl bu¡er (pH 7.3), 2 Wmol; sodium succinate, 2.5 Wmol;
crude nitrite reductase, 0.3 mg protein and membrane vesicles, 0.35 mg
protein, yielding a ¢nal volume of 140 Wl. After 20 min of incubation
at 30‡C, the reaction was started with 7.5 Wl of 10 mM NaNO2 and
terminated with 50 Wl of saturated zinc acetate 30 min later. The
disappearance of nitrite was followed colorimetrically [9] in the super-
natants.
For the determination of peroxidase, a microplate assay was
adopted: 5 Wl of the sample was mixed with 200 Wl of 0.1 M sodium
acetate (pH 6.0) containing 0.2 mg/ml 3,3P,5,5P-tetramethylbenzidine
dihydrochloride and 1.8 mM hydrogen peroxide and absorbance at
650 nm was recorded on a Multiscan microplate reader (Labsystem).
2.4. Analytical methods
Protein contents of fractions were measured by the method of Brad-
ford [10] using bovine serum albumin as standard.
Absorption spectra were recorded at 25‡C in an Ultrospec 2000
UV/Vis instrument (Pharmacia Biotech) linked to a PC.
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Copper concentrations of puri¢ed protein preparations (20 Wl, in
triplicate) were analyzed by atomic absorption spectroscopy using a
Perkin-Elmer 3030 AA spectrophotometer equipped with a HGA 74
graphite furnace.
SDS-PAGE was performed in 12.5% (w/v) acrylamide slab gels
(6 cmU8 cmU0.75 mm) using a Mini Protean chamber system
(Bio-Rad) [11]. SDS-PAGE standard proteins were obtained from
Fluka. Gels were stained with Coomassie Brilliant Blue and destained
in 40% methanol/10% acetic acid.
N-terminal amino acid sequence was determined by Edman degra-
dation and subsequent analysis of the amino acids with a model 473A
gas-phase amino acid Sequenator (Applied Biosystems). Protein sam-
ple was electrotransferred from PAGE to a poly(vinylidene di£uoride)
membrane (Bio-Rad) before sequencing.
3. Results
Initial studies indicated that reduction of nitrite by succi-
nate in a cell-free system required the presence of a factor
stemming from the bacterial periplasm. As documented in
Fig. 1, the reconstitutive activity eluted in single peaks during
successive chromatographic puri¢cation steps. There were dif-
ferences in the elution volume between this activity and the
components absorbing at 410 nm and exhibiting peroxidase
activity. At the end of the puri¢cation procedure, approxi-
mately 2 mg of a reconstitutively active protein were obtained
from a 39 l culture. SDS-PAGE of this preparation gave a
single band at an Mr of 14 000 (Fig. 2). The same value of Mr
was found by the column chromatography (not shown), in-
dicating a monomeric form of the protein in the solution.
E¡ectiveness of the puri¢ed 14 000-Mr protein as an elec-
tron carrier in our assay system is demonstrated by the results
of Fig. 3. A characteristic feature was the saturability of the
reaction rate at relatively low mediator concentration. The
saturation curve reminiscent of a Michaelis^Menten curve af-
forded the calculation of an apparent Km as 9.7 WM. Addi-
tions of an inert electrolyte (NaCl) had a signi¢cant inhibitory
e¡ect on the reconstituted activity, 50% diminution being
achieved at 0.2 M (results not shown).
Further work centered about the question of whether a
heme or a copper prosthetic group is associated with the
14 000-Mr protein. The absorption spectrum of an oxidized
but not reduced sample showed a pronounced maximum close
to 590 nm (Fig. 4), which is typical for a family of type-1
copper proteins [12]. With atomic absorption spectroscopy,
a content of 58 nmol of copper per mg of protein was deter-
mined, corresponding to 0.81 atoms of copper per molecule at
14 000-Mr. De¢nite identi¢cation of the protein became pos-
sible after N-terminal sequencing. The obtained sequence of
20 amino acids, ATHEVHMLNKGESGAMVFEP, is identi-
cal to that reported for P. denitri¢cans pseudoazurin [13].
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Fig. 1. Elution pro¢les for a typical puri¢cation run. Chromato-
graphic conditions are speci¢ed in Section 2.2. A: Sepharose Q
(step 2); B: Superose 12 (step 3); C: MonoQ Superose (step 4); D:
a repeated MonoQ Superose (step 4). Solid lines, absorbance at 280
nm; broken lines, absorbance at 410 nm; dot/dash lines, NaCl gra-
dient; solid circles, nitrite reductase activity after reconstitution, ex-
pressed in nmol NO32 /min per 1 Wl of the eluate and multiplied by
120 (a scaling factor); empty circles, peroxidase activity expressed as
vA650/vt (min31) per 1 Wl of the eluate and multiplied by 1000. In
C and D, the peaks containing reconstitutive activity are indicated
by arrows.
Fig. 2. SDS-polyacrylamide gel electrophoresis of the puri¢ed pro-
tein. Lane A contained 50 Wg of a mixture of standard proteins
(Fluka) with the indicated molecular masses, lane B 4 Wg of the ¢-
nal preparation.
Fig. 3. Reconstitution of nitrite reductase activity brought about by
the puri¢ed electron carrier. Reaction conditions were accomplished
as described in Section 2.3 except that the reaction time was appro-
priately reduced. Each point shown is the mean of triplicate meas-
urements þ S.D., the line represents the ¢t to the Michaelis^Menten
equation (Km = 9.7 WM, Vmax = 35.0 nmol NO32 /min).
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4. Discussion
Resolution and reconstitution experiments presented above
have established that P. denitri¢cans grown anoxically con-
tains a small soluble protein which is able to restore the ac-
tivity of succinate-nitrite reductase when incubated with mem-
brane vesicles and nitrite reductase. This redoxactive protein
is now identi¢ed as pseudoazurin by its molecular mass, the
content of copper, visible spectrum and N-terminal amino
acid sequence. New conclusive identi¢cation corroborates ear-
lier ¢ndings reached by indirect experimental approaches [5,6]
and weakens an alternative interpretation according to which
the e¡ects of DDC result from a Cu-independent inhibition in
combination with a direct electron donation to cytochrome c
[14]. Disparity in the elution pro¢les of the reconstitutive ac-
tivity, Soret absorption and (pseudo)peroxidase (Fig. 1) sug-
gests that the presence of a c-type cytochrome in some pre-
viously studied redoxactive preparations [4] may be merely
coincidental.
In their investigation of Thiosphaera pantotropha (a close
relative to P. denitri¢cans) Moir and colleagues [15] found a
Michaelis constant of 220 WM for the reaction of pseudoazur-
in with nitrite reductase and considered it to be telling about
the actual concentrations of pseudoazurin needed in the peri-
plasm. However, this is justi¢ed only if the control of electron
£ow resides exclusively in the terminal nitrite reductase step.
At a low (rate-limiting) electron-transfer capacity for reduc-
tion of pseudoazurin by the respiratory chain the half-satura-
tion concentration may di¡er. More detailed studies of pseu-
doazurin redox reactions should allow us to decide whether
the 22 times lower value reported here (Fig. 3) re£ects such
kinetic factors or some interspeci¢c di¡erences between P.
denitri¢cans and T. pantotropha.
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Fig. 4. Absorbance spectra of the puri¢ed protein. The sample cuv-
ette contained 0.2 ml of 50 mM Na-HEPES bu¡er, pH 7.0; the
protein concentration was 0.26 mg/ml. The inset shows the same
spectrum in the region 350^800 nm and its appearance after reduc-
tion with a few crystals of ascorbic acid.
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